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ABSTRACT

Apoptosis is a significant factor in cardiac dysfunction and graft failure in cardiac rejection. In this study, we
examined potential signaling molecules responsible for caspase 3 activation in a model of acute cardiac allo-
graft rejection. The roles of reactive oxygen species (ROS) and nitric oxide (NO) were determined in untreated
allografts and allograft recipients treated with either cyclosporine (CsA), �-phenyl-t-butylnitrone (PBN, a
spin-trapping agent), vitamin C (VitC), Mn(III)tetrakis (1-methyl-4-pyridyl)porphyrin); MnTmPyP, a super-
oxide dismutase (SOD) mimetic), or L-(1-iminoethyl)lysine) (L-NIL), an inhibitor of inducible NO synthase
(iNOS) enzyme activity. Graft tissue was taken for measuring superoxide radical production, Western blot-
ting, and direct measurement of caspase 3 activity. Activation of caspase 3 in untreated allografts was re-
vealed by the appearance of cleaved caspase 3 from pro-caspase 3 by Western blotting and functional cas-
pase 3 catalytic activity. CsA or PBN inhibited iNOS expression and caspase 3 activity. VitC and MnTmPyP
did not alter iNOS expression or decrease NO levels but did inhibit caspase 3 activity. In contrast, L-NIL com-
pletely inhibited the increase in NO production without altering iNOS expression and inhibited caspase 3 ac-
tivity. The prevention of TUNEL staining by MnTmPyP and L-NIL confirmed downstream effects of super-
oxide and NO on apoptosis. These studies indicate that both superoxide and NO (precursors of peroxynitrite
formation) play a significant role in caspase 3 activation in cardiac allograft rejection. Antioxid. Redox Signal.
10, 1031–1039.
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INTRODUCTION

EARLY STUDIES suggest a correlation in time of the expres-
sion of inducible nitric oxide synthase (iNOS) and apop-

tosis of cardiac myocytes in acute cardiac rejection (30). Con-
sidering that postmitotic cardiac myocytes have a limited
capacity to regenerate compared with embryonic and neonatal
cardiac myocytes, the death of cardiac myocytes via apoptosis
in acute cardiac allograft rejection becomes a significant factor
leading to contractile dysfunction and graft failure.

The signaling molecule(s) responsible for apoptosis in acute

cardiac rejection are incompletely understood. By far, the ma-
jority of the information obtained to date in studies of acute
cardiac rejection arises from nonquantitative assessments of
apoptosis by using such techniques as DNA fragmentation,
TUNEL staining, Hoechst staining, or nuclear imaging of an-
nexin V (9, 15, 13, 29, 30). One of the pivotal points in the
apoptotic cascade is the convergence of the activation of in-
trinsic and extrinsic apoptotic pathways at the level of activa-
tion of caspase 3. Thus, caspase 3 activation is considered to
be essential to execution of apoptosis. Furthermore, the deter-
mination of the proteolytic activity of caspase 3 can be used as
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a quantitative measure of functional apoptotic activity in bio-
logic tissue. However, to date, reports of the quantitative mea-
suring of caspase 3 catalytic activity in acute cardiac allograft
rejection are extremely limited.

The role of NO in apoptosis is complex owing to proapop-
totic and antiapoptotic activity, depending on experimental con-
ditions (11). Thus, no consensus determines when NO turns
apoptosis on or off in any cell or tissue type, let alone the heart
(2). In one study, nitric oxide (NO) derived from iNOS of re-
cipients was implicated as contributing to activation of caspase
3 in iNOS�/� vs. iNOS�/� mice (12). However, in this case,
absence of iNOS in recipients does not eliminate the contribu-
tions of NO derived from iNOS upregulation within cardiac
myocytes of the donor. In a second study, treatment with zinc
chloride also decreased caspase 3 catalytic activity in a rat
model of acute cardiac allograft rejection (14). The mechanism
of this action is currently unknown, but complex formation be-
tween zinc and caspase 3 has been suggested to explain why
zinc is a potent inhibitor of caspase 3 (22). Collectively, it is
clear that the mechanisms of caspase 3 activation in acute car-
diac allograft rejection are not yet fully understood.

In the present study, we examined functional apoptosis in
acute cardiac allograft rejection by using caspase 3 catalytic ac-
tivity. To determine possible signaling molecules, we compared
caspase 3 catalytic activity in graft tissue from untreated allo-
graft recipients or with allograft recipients treated with a vari-
ety of agents that scavenge reactive oxygen species or inhibit
bulk NO production to determine a role of these factors. Addi-
tional studies were performed to assess downstream effects of
these treatments on apoptosis by using TUNEL staining.

METHODS

Transplantation

All animal procedures were approved by the local institu-
tional animal care and use committee. All animals received hu-
mane care in compliance with the “Guide for the Care and Use
of Laboratory Animals.” Lewis (Lew:RT1l) and Wistar-Furth
(WF:RT1u) rat strains (Harlan Labs, Indianapolis, IN) were cho-
sen for genetic disparity at both the major and minor histo-
compatibility loci for donor-to-recipient combination of
Lewis � Lewis (for isografts) or Wistar-Furth � Lewis (for al-
lografts) rats. Isogeneic or allogeneic heterotopic cardiac trans-
plantation was performed aseptically in pentobarbital (50
mg/kg, i.p.) anesthetized animals as previously described in our
laboratory (3). Donor hearts were arrested in cold University of
Wisconsin preservation solution and transplanted into anesthe-
tized (50 mg/kg pentobarbital, i.p.) recipient animals (total cold
and warm ischemic time, �35 min).

Untreated allografts served as controls. To assess a role of
alloimmune activation, some recipients received cyclosporine
(CsA). To assess a role of reactive oxygen, some recipients re-
ceived the antioxidant vitamin, vitamin C, or the nonspecific
free radical scavenger and spin-trap agent, �-phenyl-t-butylni-
trone (PBN). To specify the role of superoxide anion radical,
other recipients received the cell-permeable superoxide dismu-
tase (SOD) mimetic agent, Mn(lll)tetrakis (1-methyl-4-
pyridyl)porphyrins (MnTmPyP). To determine a role of in-

ducible nitric oxide synthase (iNOS), other recipients received
L-(1-iminoethyl)lysine (L-NIL). Treatment doses and routes of
administration included CsA (2.5 mg/kg, i.p.); vitamin C (1,200
mg/kg, orally by gavage); PBN (150 mg/kg, i.p.); MnTmPyP
(5 mg/kg, i.p.); and L-NIL (1 and 60 �g/ml in drinking water).
Drug treatments were not given to donor animals but rather to
recipient animals starting on the day of transplantation after
revascularization and completing the surgical transplantation of
the donor graft until harvesting of grafts on postoperative day 6.

Graft survival was monitored twice daily for presence or ab-
sence of palpable activity and was confirmed on direct inspec-
tion after laparotomy. In other studies, grafts were arrested in
pentobarbital-anesthetized animals at postoperative day 6 and
flushed with cold University of Wisconsin solution, minced,
and portions were frozen in liquid N2 for Western blotting and
caspase 3 activity measurements. Other portions of the graft
were taken and evaluated for histologic rejection, as described
later. In some cases, plasma was also taken to document changes
in NO metabolite levels by using a Griess reaction assay.

Histologic rejection scoring

Tissue was fixed in 4% phosphate-buffered formalin. Paraf-
fin-embedded sections were stained with hematoxylin and
eosin. Histologic rejection was scored blinded by using criteria
established by the International Society for Heart and Lung
Transplantation, as modified to a linear score system to allow
statistical analysis, as described previously (25, 31).

Western blot

Frozen tissue was processed and samples electrophoresed on
7.5% SDS polyacrylamide gels and transferred to Nytran mem-
branes. Blots were probed with 1:2,000 dilution of rabbit anti-
iNOS (Santa Cruz Biotechnology, Santa Cruz, CA) and visu-
alized by using a 1:5,000 dilution of donkey anti-rabbit IgG
horseradish peroxidase conjugate and enhanced chemilumines-
cence. For caspase-3 Western blotting, samples were elec-
trophoresed on 12% SDS polyacrylamide gels and transferred
to Nytran membranes. The membranes were probed with 1:500
dilution of goat anti-caspase-3 (Santa Cruz Biotechnology) and
visualized as described earlier. Blots were stripped and reprobed
with a 1:100 dilution of �-actin for protein-loading controls.

Superoxide production

For the SOD mimetic study, heart tissue (�100 mg) was ho-
mogenized in Krebs–Henseleit buffer containing 10 mM
HEPES. Tubes containing homogenate or buffer were incubated
in the dark without and with 100 �M MnTmPyP for 30 min-
utes. The amount of chemiluminescence after addition of 20
�M lucigenin attributed to superoxide production was deter-
mined by the difference without and with MnTmPyP after sub-
traction of the background. Values were calculated as relative
light units and normalized to homogenate protein levels.

Caspase 3 activity

Caspase 3 activity (n � 4 to 6 in each group) was performed
by using a commercial kit (Sigma Aldrich, St. Louis, MO). The
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assay is based on the hydrolysis of the peptide substrate, acetyl-
ASP-Glu-Val-p-nitroanilide by caspase 3 to release p-nitroani-
line, which is detected spectrophotometrically at 405 nm by us-
ing a plate reader. Protease activity was determined in units of
micromolar p-nitroaniline/min/mg protein.

TUNEL staining

Apoptosis was measured with the TUNEL assay by using
ApopTag technology (Chemicon International, Temecula, CA)
according to the manufacturer’s instructions and as previously
established in our laboratories (19). Sections were counter-
stained for visualization of apoptotic nuclei. Apoptotic nuclei
were counted from at least four section fields for each graft
sample, averaged, and the mean for each experimental group
determined.

Data analysis

All values are expressed as mean � SEM. Statistical analy-
sis was performed with one-way analysis of variance with a
Student–Newman–Keuls test for multiple comparisons of group
means or with Student’s t test for comparisons between two
group means. Statistical significance was set at p � 0.05.

RESULTS

Histologic rejection scores were significantly (p � 0.01) in-
creased in untreated allografts compared with isograft controls.
In the first series, allograft recipients were treated with CsA to
show that caspase 3 activation was due to alloimmune activa-
tion. We previously showed that cardiac allografts survived to
at least 117 days when given continuously at this dose (10) and
that the increase in IFN-� and CD3 mRNA in a mixed spleno-
cyte culture was prevented in cells taken from CsA-treated rats
at posttransplant day 6 and stimulated ex vivo without added
CsA (24). The latter indicates that the dose used effectively
blocks both cytokine gene expression and lymphocyte activa-
tion. We also showed that all of the drug-treatment regimens
used for this study showed significantly (p � 0.01 each) de-
creased histologic rejection compared with untreated allografts
(Table 1).

In addition to decreasing graft rejection, CsA also prevented
the increase in iNOS protein expression in immunoblots of al-
lograft homogenates (Fig. 1A). This regimen also prevented the
increase in plasma NO metabolites (Fig. 1B). Caspase 3 pro-
tease activity was significantly (p � 0.01) increased in allo-
grafts vs. isograft controls (Fig. 1C). This increase was pre-
vented in allograft recipients treated with CsA.

To evaluate a general role of reactive oxygen species, allo-
graft recipients were treated with the nonspecific radical scav-
enger and spin-trap agent, PBN (mechanism of actions shown
in Fig. 2A). Treatment with PBN inhibited the increase in iNOS
protein expression (Fig. 2B) and increased plasma NO metabo-
lites above the value seen in untreated allografts (Fig. 2C). PBN
effectively blocked the increased in caspase 3 protease activity
seen in allografts (Fig. 2D). In another strategy, we used inter-
vention with the natural antioxidant vitamin, VitC. In contrast
to that with PBN, treatment with VitC did not prevent the 
increase in iNOS protein expression (Fig. 3A) or the in-
crease in plasma NO metabolite levels typically seen in un-
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TABLE 1. HISTOLOGIC REJECTION SCORES OF

CARDIAC GRAFTS FOR EXPERIMENTAL GROUPS

AT POSTTRANSPLANT DAY 6

Groups Rejection score

Isograft 0.9 � 0.2*
Untreated allograft 5.2 � 0.3*
CsA 2.4 � 0.3*
PBN 3.2 � 0.4*
VitC 3.7 � 0.2*
MnTmPyP 4.0 � 0.3*
L-NIL 2.6 � 0.2*

Histologic score values represent the mean � SEM of n �
6–8 for each group.

*p � 0.01 vs. untreated allografts.

FIG. 1. (A) Western blot of graft homogenates showing the
upregulation of immunoreactive iNOS in rejecting cardiac
allografts and the prevention by treatment with CsA. (B)
Increase in plasma NO metabolites in allografts (allo) compared
with isograft (iso) controls and prevention by treatment with
CsA (n � 5 to 9 each). (C) Increase in caspase 3 protease ac-
tivity in allografts (n � 6) compared with isograft controls (n �
5) and reversal by treatment with CsA (n � 3). ‡p � 0.01 vs.
isografts and CsA-treated allografts.
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reated allografts (Fig. 3B). Similar to the findings with PBN,
VitC blocked the increased in caspase 3 protease activity seen
in allografts (Fig. 3C).

To evaluate the specific role of superoxide anion radical, a
subset of allograft recipients were treated with the cell-perme-
able SOD mimetic, MnTmPyP. This treatment did not alter the
increase in iNOS expression (Fig. 4A) but slightly potentiated
the increase in plasma NO metabolite levels (Fig. 4B) while de-
creasing the chemiluminescence signal indicating superoxide
production (Fig. 4C). Treatment with MnTmPyP prevented the
increase in caspase 3 protease activity (Fig. 4D).

To evaluate a role of NO derived from iNOS, allograft re-
cipients were treated with the iNOS inhibitor, L-NIL. Figure
5A and B shows the immunoblot and densitometry of the
cleaved or activated caspase-3 (i.e., 17-kDA protein), which is
increased in allografts compared with isograft controls. Treat-
ment with the highest dose of L-NIL prevented both the in-
crease in cleaved caspase 3 protein and the increase in caspase
3 protease activity (Fig. 5C). In contrast, treatment with a low
dose of L-NIL (not shown) had little effect on the caspase-3
activation shown in Fig. 5B. Treatment with L-NIL did not 
alter iNOS protein levels (Fig. 6A). However, consistent with
its expected mode of action, treatment with L-NIL was effec-
tive in inhibiting NO production, reflected by its ability to
block the increase in NO metabolites in plasma back to 
isograft control levels (Fig. 6B).

To show the actions of various drug treatments on apopto-
sis, we performed additional studies by using the TUNEL stain-
ing technique. The results showed TUNEL-positive apoptotic
cells in untreated allografts (Fig. 7, panels A and B). Treatment
with either CsA or PBN decreased TUNEL staining and sig-
nificantly (p � 0.01) inhibited the number of apoptotic cells
compared with untreated allografts, whereas VitC did not pro-
duce inhibition of TUNEL staining or numbers of apoptotic
cells (Fig. 7). Furthermore, TUNEL staining and numbers of

increased apoptotic cells were abolished by treatment with ei-
ther MnTmPyP or L-NIL (Fig. 7).

DISCUSSION

Loss of cardiac myocytes due to apoptosis is considered to
be a significant factor contributing, in part, to graft dysfunction
and failure in acute cardiac rejection. A better understanding of
the pathways leading to apoptosis may provide avenues to im-
prove graft function and prevent graft failure. We used a vari-
ety of interventions, each shown to decrease histologic rejec-
tion of cardiac grafts. The new findings are that this study for
the first time showed that both reactive oxygen and reactive ni-
trogen species contribute as signaling molecules causing acti-
vation of caspase 3 protease and apoptosis in acute cardiac al-
lograft rejection.

Generally, it is believed that inflammatory cytokines such as
TNF-� or IFN-�, which are known to be produced during acute
allograft rejection, are able to cause apoptosis of isolated car-
diac myocytes in culture. Reactive oxygen species are known
to be increased after exposure of cardiac myocytes to cytokines
in culture and are also believed to play a significant role in graft
failure in cardiac-transplant rejection. In this context, antioxi-
dants such as N-acetylcysteine and dithiothreitol and a NOS in-
hibitor were shown to inhibit DNA cleavage and staining for
apoptosis in neonate rat cardiac myocytes stimulated ex vivo
with a combination of TNF-�, IL-1�, and IFN-� (31).

Surprisingly, no subsequent studies to our knowledge have
evaluated signaling molecules of apoptosis, such as the role of
reactive oxygen species, by using either qualitative or quanti-
tative end points under in vivo conditions of acute cardiac re-
jection. A role of reactive oxygen species in our model of acute
cardiac rejection was implicated in the initial portions of this
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FIG. 2. (A) Diagram showing the radical trapping
action of PBN. (B) Increase in iNOS protein ex-
pression normalized to �-actin protein loading in al-
lografts and prevention by treatment with PBN (n �
3–4 each). (C) Increase in plasma NO metabolites and
effects of PBN. (D) Increase in caspase 3 protease ac-
tivity in allografts compared with isografts is pre-
vented by PBN (n � 3–6 each). *p � 0.05 vs. isograft
and PBN; ‡p � 0.01 vs. isograft; (‡)p � 0.01 vs. al-
lograft.
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study by the findings that the antioxidant, vitamin C, or free
radical spin-trap agent, PBN, prevented activation of caspase
3. Neither of these two agents has previously been evaluated to
prevent cardiac apoptosis after inflammatory stimuli or alloim-
mune activation in myocardium in vivo. In the case of PBN,
this treatment was associated with a downregulation in iNOS,
whereas no changes in iNOS were seen with vitamin C ad-
ministration. Collectively, these studies indicate for the first
time that reactive oxygen species play a role in caspase 3 acti-
vation in acute cardiac allograft rejection. The role of reactive
oxygen supports our previous study that used another antioxi-
dant, a vitamin E analogue, showing attenuation of caspase-3
activation in this model (17).

The findings with vitamin C were conflicting owing to block-
ade of caspase 3 activation, yet without effect to limit TUNEL
staining. We surmise that this could be explained by caspase
3–dependent and caspase 3–independent pathways for produc-

ing apoptosis. The action of vitamin C in biology is complex,
and it displays both antioxidant and prooxidant effects (7, 16),
which may be due, in part, to the presence or absence of free
iron, which determines its beneficial and detrimental actions in
biologic systems under inflammatory conditions.

More specifically to address the role of reactive oxygen
species (specifically superoxide anion radicals), we performed
additional studies by using a cell-permeable SOD mimetic,
MnTmPyP. This intervention prevented activation of caspase 3
but without having any action on iNOS expression. This sug-
gests evidence for the first time that the superoxide anion rad-
ical plays a significant role in caspase 3 activation in acute car-
diac allograft rejection.

Another portion of the study was to determine the role of re-
active nitrogen species, specifically the role of NO derived from
iNOS on caspase 3 activation. A role of iNOS in cytokine-in-
duced apoptosis in isolated rat neonate cardiac myocytes was
implicated previously (1), but the role of iNOS in apoptosis in
acute allograft rejection is incompletely understood. In a pre-
vious mouse cardiac transplant model, nitric oxide (NO) de-
rived from iNOS of recipients was implicated as contributing
to activation of caspase 3 in iNOS�/� vs. iNOS�/� mice (12).
A limitation of this study is that the absence of iNOS in recip-
ients does not eliminate the contributions of bulk NO in the
graft due to NO derived from iNOS upregulation occurring
within cardiac myocytes per se of the donor. Indeed, apoptosis
could be eliminated in acute cardiac allograft rejection only if
iNOS was deleted in both donor and recipient mice (29).

In an earlier study using pyrimidylimidazole-based iNOS in-
hibitors, a decreased number of TUNEL-positive apoptotic cells
was observed by this treatment strategy, suggesting a role for
iNOS (31). But this intervention decreased iNOS protein ex-
pression as well suggesting an additional impact of this iNOS
inhibitor secondary to decreases in inflammatory signaling.
Downregulation of iNOS protein by these inhibitors has been
confirmed in HEK 293 cells as well (13).

In the present study, we used the iNOS inhibitor, L-NIL, at
a dose that decreased histologic rejection. We showed that the
increase in functional caspase 3 protease activity in cardiac al-
lografts was prevented by treatment with L-NIL. This treatment
ablated the increase in plasma NO levels but had no effect on
iNOS protein levels, suggesting that this intervention inhibited
NO production by iNOS but not its expression. Therefore, we
conclude that NO derived from iNOS plays a significant role
as a signaling molecule for caspase 3 activation in acutely re-
jecting cardiac allografts. These findings were consistent with
the other data showing that treatment with L-NIL also blocked
the allograft-induced apoptosis.

It is interesting that MnTmPyP and L-NIL individually
blocked caspase 3 activity, suggesting a role of both NO and
superoxide in the development of apoptosis in acute cardiac re-
jection. Thus, increases in superoxide could decrease NO lev-
els by reacting with NO to form peroxynitrite. In this context,
we found that MnTmPyP increased plasma NO levels, and that
this prevented activation of caspase 3 activity. TUNEL stain-
ing also confirmed effects of MnTmPyP to abolish downstream
effects of caspase 3 activation on apoptosis. This shows that
apoptosis is not likely due to a direct effect of NO but rather
to peroxynitrite as the signaling molecule. Peroxynitrite is
formed from the reaction of NO and superoxide, producing a
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FIG. 3. (A) Upregulation of iNOS protein in allografts vs.
undetectable in isograft controls (not shown) was unaltered
by treatment with antioxidant VitC. (B) Increase in plasma
NO metabolites in untreated allografts and allografts treated
with VitC (n � 5–6 each). (C) Increase in caspase 3 protease
activity in rejecting allografts is prevented by treatment with
VitC (n � 5–6 each). *p � 0.05 vs. isograft and VitC; ‡p �
0.01 vs. isograft.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1867&iName=master.img-002.png&w=164&h=358


FIG. 5. (A) Western blot, and (B) densito-
metry showing the increase in detection of
cleaved, activated caspase 3 in individual al-
lografts (n � 3) compared with individual
isografts controls (n � 2) and inhibition by
treatment with 60 �g/ml L-NIL (n � 3) but
not a 1 �g/ml dose (n � 3). (C) Increase in
caspase 3 protease activity was prevented by
treatment with the higher dose of L-NIL (n �
5–6 each). *p � 0.05 vs. isograft and L-NIL.
*p � 0.05 vs. allograft.

FIG. 4. (A) Expression of iNOS ex-
pression was not altered by treatment
with the SOD mimetic, MnTmPyP
(n � 3–4 each). (B) Increases in
plasma NO metabolites were seen in un-
treated allografts and in allografts
treated with MnTmPyP (n � 5–7 each).
(C) Superoxide production as deter-
mined by the proportion of lucigenin-
enhanced chemiluminescence in-
hibitable by treatment with MnTmPyP
was increased in allografts vs. isograft
controls (n � 6 each). (D) Increase in
caspase 3 protease activity was pre-
vented by treatment with MnTmPyP
(n � 5–6 each). *p � 0.05 vs. isograft
and MnTmPyP; ‡p � 0.01 vs. isograft;
(‡)p � 0.01 vs. allograft.
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potent oxidizing and nitrating species. This has potential sig-
nificance in that addition of peroxynitrite to normal isolated rat
neonate cardiac myocytes causes apoptosis (1). That peroxyni-
trite formation occurred in our models was shown previously
by the detection of nitrotyrosine, a footprint of peroxynitrite, in
rejecting cardiac allografts (18, 24). Consistent with this are
other previous studies from our laboratory showing that treat-
ment with a peroxynitrite-decomposition catalyst inhibited the
increase in poly(ADP)ribose seen in acutely rejecting cardiac
allografts in vivo (25). In this regard, a downstream effect of 
caspase 3 is to cleave poly(ADP)ribose synthase, thereby in-
creasing levels of poly(ADP)ribose. Thus, it is possible that
both inhibition of NO and superoxide by these interventions
could act upstream to prevent peroxynitrite formation, which in
turn could mediate activation of caspase 3 proteolytic activity
and the subsequent effects of apoptosis in acute cardiac allo-
graft rejection.

With one exception, all treatment regimens produced near or
complete blockade of caspase 3 activation or TUNEL staining
under conditions in which each regimen inhibited histologic re-
jection scores. However, the effect on rejection scores was not
completely inhibited by every drug intervention. This could be
explained by the fact that apoptosis is only one facet of the over-
all process of graft rejection and that the histologic scoring by
definition includes aspects, such as grades of inflammatory cell
infiltration, hemorrhage, and necrosis, that are not considered in
the apoptosis analysis (28). In this context, it was reported pre-
viously in a cardiac rejection model that a greater correlation ex-
ists between apoptotic myocytes and left ventricular pressure de-
velopment than with histologic rejection scores (21).

Pathways of caspase 3 activation in other
posttransplant model systems

As indicated earlier, this is the first study to examine the role
of NO and superoxide in signaling caspase 3 activation in acute
cardiac allograft rejection. Interestingly, it was recently shown
that SOD1 overexpression inhibited caspase 3 activity as well
as caspase 9 activity but not caspase 8 activity at 4 h of reper-
fusion in a model of ischemic reperfusion injury in isogeneic
cardiac transplants (32). These findings suggest a role of su-
peroxide produced in ischemia–reperfusion preferentially on
caspase 9–dependent activation in cardiac transplants. The con-
ventional paradigm would be that activation of caspase 3 via
caspase 8 and caspase 9 would reflect alloimmune-mediated
(CD8, Fas-Fas ligand, TNF) vs. free radical–mediated (super-
oxide) pathways, respectively. It is important to underscore that
the focus of the study was on prolonged ischemia with cold
saline storage conditions rather than traditional organ-preserv-
ing solutions to study the effects on apoptosis after revascular-
ization by using isogeneic cardiac transplants and its latent ef-
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FIG. 6. (A) Treatment with L-NIL had no capacity to change
iNOS protein levels. (B) Increase in plasma NO metabolites
was, however, blocked by treatment with L-NIL (n � 4–6 each).
*p � 0.05 vs. allografts; ‡p � 0.01 vs. isografts and L-NIL.

FIG. 7. TUNEL staining (A–G) and number of apoptotic
cells in cardiac allografts was inhibited or completely abol-
ished by treatment with either CsA, PBN, MnTmPyP, or L-
NIL but not VitC (n � 4 each). ‡p � 0.01 each vs. untreated
allografts. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article at www.liebertonline.com/ars).
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fects on chronic vasculopathy. The study did not address the
separate issue of the effect on alloimmune activation–induced
caspase 3 activation in transplanted hearts, so it is difficult to
relate these results with the new findings in our model because
of the dissimilarities in design.

We believe that the impact of ischemia–reperfusion injury
and caspase 3 activation via reactive oxygen-mediated cas-
pase 8 activation would not be contextually relevant to our
model. The reasons are that we used short ischemic times and
cold University of Wisconsin preserving solutions. Under our
conditions, no obvious signs of ischemia–reperfusion injury
appear in the posttransplant period. This was shown by find-
ings in our cardiac allografts that inactivation of cardiac
aconitase activity, which is very sensitive to inhibition by 
superoxide and well known to be inactivated after isch-
emia–reperfusion in heart, was not found until posttransplant
day 4 (23). We also found no significant increase in iNOS
protein expression in Western blots of cardiac allografts be-
fore posttransplant day 4 (26). Also, we previously reported
that NF-�B is not activated at both 2 and 24 h of revascu-
larization in our model of acute cardiac allograft rejection
(27). This indicates a negligible role of reactive oxygen-in-
duced ischemia–reperfusion injury in our model. Thus, it is
unlikely that ROS-mediated apoptosis as a result of revascu-
larization could be expected if this redox-sensitive transcrip-
tion factor were not also activated. Finally, it is important to
note that all of our drug treatments commenced long after
revascularization and surgeries had been completed. There-
fore, our interventions do not affect caspase 3 activation and
apoptosis due to ischemia–reperfusion per se, yet they were
clearly able to block apoptosis in allografts.

Only one published study examined caspase 8 and caspase
9 activation in any model of acute cardiac rejection (33). This
study, conducted in rabbits, showed equivalent increases in
both caspase 8 and 9, which would argue against a preferen-
tial caspase 8 pathway in acute rejection via alloimmune re-
sponses (i.e., CD8, Fas-Fas ligand, TNF). Another study
showed that CD8 depletion did not change activation of ei-
ther caspase 3 or 8 in hepatic allograft rejection (20). Finally,
in a model of acute cardiac rejection (4), genetic mutations
of Fas and Fas ligand that resulted in nonfunctional Fas/FasL-
mediated pathways caused no change in the extent of apop-
tosis, leading the authors to conclude that the Fas-mediated
pathway (i.e., caspase 8–mediated pathway) is not essential
for acute cardiac rejection.

Collectively, based on these findings and those derived
from other experimental models (5, 6, 34), the issue that re-
active oxygen is solely a mediator of caspase 9 activation
cannot be supported, as caspase 8 is also activated. Like-
wise, interrupting Fas-mediated activation is now known to
inhibit both caspase 8 and caspase 9 activation. Thus, grow-
ing evidence suggests that considerable cross-talk occurs be-
tween the traditional understood pathways of activation of
caspase 8 and caspase 9 by reactive oxygen species. Be-
cause of these limitations and the concept of nontraditional
pathways of caspase activation, it is clear that future stud-
ies are warranted to unravel the various complex pathways
leading to apoptosis in cardiac transplants, including the role
of ischemic storage times, acute rejection, and chronic re-
jection.
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